Abstract The determination of the Avogadro constant plays a key role in the redefinition of the kilogram in terms of a fundamental constant. The present experiment makes use of a silicon single-crystal highly enriched in 28 Si that must have a total impurity mass fraction smaller than a few parts in 10 9 . To verify this requirement, we previously developed a relative analytical method based on neutron activation for the elemental characterization of a sample of the precursor natural silicon crystal WASO 04. The method is now extended to fifty-nine elements and applied to a monoisotopic 28 Si single-crystal that was grown to test the achievable enrichment. Since this crystal was likely contaminated, this measurement tested also the detection capabilities of the analysis. The results quantified contaminations by Ge, Ga, As, Tm, Lu, Ta, W and Ir and, for a number of the detectable elements, demonstrated that we can already reach the targeted 1 ng/g detection limit.
Introduction
The kilogram is the last base unit of the Système International still defined in relation to an artifact. As the proposed new definition will be based on the Planck constant [1, 2] , h, the determination of the Avogadro constant, N A , is of paramount importance to obtain a h value via the molar Planck constant, N A h, which is very accurately known [3] . The present method to derive N A is based on counting the Si atoms in a single crystal by measuring its density, isotopic composition and unit cell volume [4] . In particular, the latest and most accurate N A measurement relies on the availability of nearly perfect and highly pure silicon crystals very much enriched in 28 Si. The relative uncertainty of the result is evaluated to be about 3 9 10 -8 [5] . Imperfections such as point-like defects due to contaminant atoms strain the crystal and change its mass. Therefore, experimental data concerning the contaminants are required to endorse the purity of the Avogadro silicon crystals. Accordingly, it is essential to verify that the total impurity mass fraction is below a few parts in 10 9 or, in case of a higher value, to quantify the total impurity with an uncertainty smaller than the above limit.
Activation analysis is one of the classical tools to analyze silicon. In particular, neutron activation analysis (NAA) and activation analysis with charged particle (CPAA) are remarkably suited for the determination of contaminants in silicon. Low detection limits can be reached for a large number of elements, including those having a low atomic number, e.g. B, C, N and F [6] .
Since CPAA is certainly more demanding in terms of equipment compared to NAA, the latter became the most applied method for the characterization of silicon. Moreover, thanks to the small and short-lived activity produced in silicon by the neutron irradiation, very low detection limits can be reached instrumentally, i.e. without the radiochemical separation. For this reason, Instrumental neutron activation analysis (INAA) is frequently preferred to Radiochemical neutron activation analysis (RNAA). In fact, several methods based on INAA have been developed and applied, mainly for the determination of impurities in silicon materials produced by semiconductor industries [7] [8] [9] [10] [11] . For instance, the INAA of silicon wafers performed by Kim et al. [7] achieved detection limits ranging between 2 fg/g and 0.3 ng/g for forty-nine elements. The irradiation lasted 72 h and the thermal neutron flux was 3.7 9 10 13 cm -2 s -1 , with a thermal to fast flux ratio of about 20.
Taking into account that the detection limits reported in literature fulfill our target, we developed a INAA method to check the contamination of the silicon crystals used for the N A determination. The method was preliminary tested on a sample of the Avogadro natural silicon crystal WASO 04. The investigation concerned twenty-nine elements and reached detection limits ranging between 1 pg/g and 10 lg/g [12] .
Since the potential contaminant elements are 90, i.e. the naturally occurring elements excluding the silicon, we aimed at increasing the number of measured elements. Thus, starting from the method applied to the WASO 04, we extended the analysis to fifty-nine elements. Given the uniqueness, value, and reduced availability of the remnants of the 28 Si material used for the N A determination, we decided to further check the detection capabilities of the extended analysis on a 28 Si crystal which was grown only to verify the achievable enrichment and supposed to be contaminated. The present paper focuses on the results of this measurement. Figure 1 shows a picture of the sample of the enriched 28 Si single-crystal we used for testing the neutron activation method. Diameter, length and mass are 13 mm, 42 mm and 11.6 g, respectively.
The sample
This sample (Si28-21Pr 10.2, part 2) was taken from a 28 Si single-crystal grown in 2012 by the Leibniz-Institut für Kristallzüchtung (IKZ, Berlin, Germany). The isotopic enrichment of the SiF 4 gas was carried out by the ElectroChemical Plant (ECP, Zelenogorsk, Russia). The conversion of the SiF 4 gas to silane, its chemical purification, and the poly-crystal deposition was carried out by the Institute of Chemistry of High-Purity Substances (IChHPS, Nizhniy Novgorod, Russia). The Physikalisch Technische Bundesanstalt (PTB, Braunschweig, Germany) measured the isotopic composition of the poly-crystal by the isotope dilution mass spectrometry. The results confirmed an enrichment in 28 Si higher than 99.985 %. In addition, the amount of oxygen and carbon within the single-crystal was determined by infrared spectrometry at PTB. The concentrations were found to be about 2 9 10 17 and 3 9 10 15 cm -3 , respectively. The methods used for the measurement of the isotopic composition and for the determination of the impurities are described in [13] [14] [15] , respectively.
Application of the method
A detailed description of the neutron activation method used for the analysis can be found in [12] . Here, for convenience of the reader, we recall the measurement equation, i.e. 24 Na is produced by 28 Si through the neutron capture reaction 28 Si(n, ap) 24 Na. The half-life of 24 Na, is 15 h. It is worth to notice that the gamma emission due to the matrix production of 29 Si and 30 Si becomes negligible when the silicon sample is highly enriched in 28 Si. Traceable solutions of pure substances were used to prepare seventeen standards. The first ten, ML1 7 ML10, were prepared for the detection of medium-lived radionuclides, while the remaining seven, LL1 7 LL7 were prepared for the detection of long-lived radionuclides. Each standard consists of weighted amount of multi-element solutions which are pipetted onto filter papers rolled up as a cylinder and inserted in polyethylene vials. Before sealing the vials, the pipetted solutions were evaporated to dryness using an infrared lamp in a fume hood under ambient conditions. The multi-element solutions were home-made by adding certified single-element solutions to suitable mass fractions. In particular, the amount of each element was adjusted to have a good counting statistics with the standards located at about 8 cm far from the head of the detector during gamma spectrometric measurements. The resultant amounts of the standard elements resulted to be orders of magnitude higher than the corresponding impurity elements which are known to be present in the filter papers and in the polyethylene vials.
The silicon sample was sealed in a polyethylene vial and inserted in an aluminum container together with ML2, ML3, ML4, ML5, ML6, ML7 and ML10. The remaining ten standards were inserted in a different aluminum container. The containers were sent to the irradiation facility for a neutron bombardment lasting 6 h. The irradiation was carried at the central thimble of the 250 kW TRIGA Mark II reactor at the Laboratory of Applied Nuclear Energy (LENA) of the University of Pavia. The thermal neutron flux was about 6 9 10 12 cm -2 s -1 and the thermal to fast flux ratio was about 11. After the irradiation, the containers were left to cool until the activity decayed to safe values.
Before performing the gamma spectrometric measurements, the vials containing the standards were rinsed with diluted nitric acid and deionized water in order to remove the possible contamination due to handling. Since the goal was to measure only the bulk contamination, the silicon sample was removed from its irradiation vial and etched to eliminate the possible contamination of the external layers. Accordingly, the silicon sample was washed with trichloroethylene, acetone and deionized water, etched for 25 min with a solution 10:1 of nitric acid (assay 67-69 %) and hydrofluoric acid (assay 47-51 %), and finally rinsed in deionized water, ethylalcohol and acetone. The loss of mass was about 140 mg, corresponding to the removal of a surface layer having a thickness of about 40 lm. Lastly, the silicon sample was sealed in a non-irradiated vial for the gamma counting.
The counting facility consists of an automatic system including a sample changer, a coaxial HPGe detector ORTEC Ò GEM50P4-83 (relative efficiency 50 %, resolution 1.90 keV FWHM at 1332 keV), a digital signal processor ORTEC Ò DSPEC jr 2.0, and a personal computer running the software for data acquisition and processing ORTEC Ò Gamma Vision 6.0. The energy, resolution and efficiency calibrations were carried out by a standard multigamma source in two counting positions, in contact with (position 0) and 8 cm far (position 8) from the head of the detector.
The gamma spectra were sequentially measured in three different periods. The first data record was collected after 3 days from the end of the irradiation and concerned with the silicon sample and the standards ML1 7 ML10; the counting times were 3 h for the silicon and 8 h for the standards at the counting positions 0 and 8, respectively. The second data record was collected after 16 days from the end of the irradiation and concerned only with the silicon sample; the counting time was 24 h at the counting position 0. Finally, the last data record was collected after 24 days from the end of the irradiation and concerned with the standards LL1 7 LL7; the counting time was 24 h at the position 8.
The number of target nuclei within the standard is N st ¼ h std m std N A =M, where h std is the isotopic mole fraction, m std and M are the mass and the atomic mass of the element, and N A is the Avogadro constant. The number of target nuclei of the same isotope in the silicon sample, N sam , is calculated according to (1) .
Results
The contamination of the crystal could originate before, during or after the isotope separation of the SiF 4 gas by the centrifuge cascade. In the latter case, i.e. when the contamination occurs after the isotopic separation, the isotopic composition of the contaminant elements is the natural one. On the contrary, i.e. when the contamination occurs before or during the isotopic separation, the contaminant elements have an isotopic composition different from the natural one.
Thus, we report in Table 1 the experimental results both in terms of mass fraction of the detected isotope, w iso , and, in case of natural composition, of the relevant element, w ele . The name of the standard, the isotopic mole fraction in the standard, the half-life of the radioactive nucleus, the energy of the detected gamma peak and the neutron capture reaction are also given. The uncertainties include only the component due to the counting statistics and the detection limits have been calculated according to the Currie's method [16, 17] .
The greatest effort was devoted to the achievement of the smallest detection limits for the larger number of elements. Therefore, the effect of self-shielding and nonhomogeneity of the neutron flux during irradiation and selfabsorption, efficiency and geometry during gamma counting could affect the results up to a few tens per cent. Table 1 Isotope mass fractions w iso and element mass fractions w ele of the contaminants in the 28Si-21Pr 0.2, part 2 sample. Data include the target isotope, the name of the standard, the mole fraction of the target isotope in the standard, the half-life of the produced radioactive nucleus, the energy of the detected gamma peak and the neutron capture reaction used for the analysis 170 Tm. In addition, the detection limit of 197 Au could be biased due to suspected problems occurred during the preparation of the Au standard.
Conclusions
Within the research activity carried out for the N A determination we tested a differential method based on neutron activation and developed to check the purity of the Avogadro 28 Si single-crystals. The aim was to reach the minimum detection limits for the maximum number of contaminant elements, without paying close attention to the uncertainty. Significant contaminations, if any, will be quantified later with the required uncertainty. The test sample was a 28 Si crystal which was grown to verify the enrichment process without taking extreme care of the final purity. The analysis included fifty-nine out of the ninety possible impurity elements.
Since the assumption of a natural abundance of the contaminant elements in the highly enriched sample may be doubtful, the results were given both in terms of mass fraction of the detected isotope, and, in case of natural composition, of the relevant element. The silicon sample was found contaminated by Ge. Moreover, traces of Ga, As, Tm, Lu, Ta, W and Ir were also detected. These results confirmed the capability of the method to identify and to quantify the contaminations. For the remaining elements, the analysis reached detection limits ranging between 1.3 pg/g and 1.5 lg/g.
The future activity will focus on decreasing those detection limits that are still higher than 1 ng/g down to the values reported in literature [7] . This target could be achieved by (i) increasing the irradiation time, (ii) using a detection system with a lower background, and (iii) irradiating the sample with a higher neutron flux. Eventually, a sample of the valuable 28 Si crystal used to determine the Avogadro constant [5, 13] will be supplied by the PTB to verify its chemical purity.
Moreover, if the amount of the minority isotopes 29 Si and 30 Si is reduced at lg/g level, the INAA could be further improved by including some of the elements that can be detected via short-lived radionuclides.
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